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SUMMARY

This paper is the second part of a series of reports
on the inward bulge type buckling of monocoque cylinders. -
It presents the results of an experimental investigation
of buckling in combined bending and compression, In the
investigation it was found that the theory developed in
part I of the present series predicis the buckling load
in combined bending and compression with the same degrse
of accuracy as the o¢lder theory does in pure bending, In
the realm covered by the expseriments no systematic varia-
tlon of the parameter n was observed., The analysis of
the tesd results afforded a check on the theories of buck-
ling of a curved panel, The agreesment between experinent
and theory was reasonably good. In addition, the effect
of the end conditlons upon the stress distribution under
loads and upon initial stresses waes irnvestigated,

IXTRODUCTION

Large monocogque. fuselages reinforced with closely
spaced stringers and rings are likely %o dbuckle, when
loaded, in a pabtern which involves simultaneous distor-
tions of the stringers, the rings, and the sheet covering.
This type of buekling is known as general instadbility.

The details of the pattern vary with the loagding., When
the maximum stress in the fuselage is caused mainly by a

- bending moment, which may be accompanied by a small shear

force, compressive force, or torque, the characteristic
feature of the distorted shape is an inward bhulge extending
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symmetrically from the most highly compressed stringer.
In some cases there is a2 single inward bulge; in others
several appeat along the most highly compressed stringer,
and these may ocecur when the bending momsnt 1s sonstant
over a uniform portion of considerable length of a mono-
coque tylinder. Often a few shellower secondary dbulges
appear alongside the main bulges, or the main dulge is
displaced slightly Pecauss of inaceuracies of manufacture
and load application, dut in every case so far obsarved
g2ll these distortions were restricted %0 the general
neighborhood of the most highly compresesed stringer.

This type of general instadbility is denvted as inward
bulge type buckling.

The purpose of the experimental investigation pre~
sented here was the verification ¢f the theory of inward
bulge type buckling in conbined bending and compression
aa developed in reference 1, Reinforced moncecogue ocyl-
inders o0f 20-inch diameter and 33.6~inch length - four
¢ylinders in the preliminary and nine in the final test
series =~ were tested in the Alrcraft Structures Laboratory
of the Polytechnic Institute of Brooklyn, For their con-
tridution to the development of the manufacturing and
testing teshnique credit ig due to Albert J. Cullen and
Joseph Kempner, Similarly, the contribution of Brunao A,
Boley in participating in the final tests and the evalua-
tlon of the %est results must be acknowledgsd,-

In the third section of this report the test speci-
men agnd the test rig are described, In the fourth sec-
tion the test results are anslyzed, ¥For the calculation
of the theoretical duckling stress corresponding to0 the
inward bulge pattern the effective width of the curved
panels o0f gheet must be known., The deterningtion of the
effective width in turn presupposes the knowledge of the
buckling stress of the curved panels, lHoreover, devia-
tions from the theorsticel stress distribution Influence
the magnitude of the load under which the inward dbulge
develops . and 1t was estabhlished in the sxperiments that
at least the locatlon of the bulge is influsnced by the
initlal stresses in the test specimen,

Because of these complex interrelatlons it was nec-
essary t0 analyze the various items separabely and to
proceed systematically from the discussion of the line-
arity of the strain distribution in bending through the
analyses of the uniformity of strain in compression, the
initlal stress, the buckling of the sheeit ocovering, tlae
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equilibrium of forces and moments, and the strain-bending
mnoment curves of the stringers to the discussion of the
eritical stress in inward bulge type buckling proper.

The fifth section contains the prinecipal conclusions
drawn from the analysis.

This investigation, conductad at the Polytechnic
Institute of Brooklyn, was sponsorsd by, and conducted
with financial assistance from, the Wational Advisory
Committee for Aeronautlcs,

SYMBOLS
Aggr cross-sectional area of stringer plus effectivs
width
a stringer spacing measured along circumference
B Young's modulus
fc or buckling stress of curved panel
fourved buckling stress of ecircular cylinder
fflat buckling strese of flat pansl
Fcy vield-point stress
Ir moment of inertia of ring plus effective width
1 moment of inertia of stringer defined in egua-
s%r
tion (7)
Istr - moment of inertia of stringer plus sffective

width for bending in radial direction

Istr % moment of inertia of stringer plus effective
width for bending in tangential direction

k constant in formula for buckling stress of flat
Panel
Iy ring spacing

i number of rings involved in duckling
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n parameter characteristic of wave length in cir-
cumferential direction

P axial force in cylinder

T fadius of cylinder

t thickness of sheet

2w ‘ effective width of flat panel

2wt effective width of curved panel

€or critical strain in general instability

€ourved buckling strain of circular cylinder

€fiat buckling strain of flat panel

€max observed strair in most highly compressed
stringsr

€atr strain in stringer

1 Poisson's ratio

v ~compressive load divided by perimeter

TEST SPECIMEN AND TEST RIG

The test specimen 1s shown in figure 1. It con-
sisted of a circular_sheet metal cylinder of 20-inch out-
side diameter and 3372-inch over-—all length reinforced
with 5 equidistant rings of 3/8~ by 1/8-inch rectangular
section and with 16 egquidistant longitudinals of 3/8-inch
sguare sectlion, In order to simplify manufacture stringers
were attached internally and rings externally to the ¢yl-
indrical sheet, Rings and stringers were connected by
1/6-inch round head machine screws., Machine screws of
the same size, spaced 0,714 inch apart, secured the sheetl
to the stringers,

. Bing butt splices were arranged alternately %o the
right and the left of the top stringer. Segments of the
ring stock were used as butt straps extending as far as
the adjscent stringers and bolted to them, Two more
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bolte between the stringers fastened fthe strap to the ring
and the sheet, Rings were made of 248~T7 aluminum alloy.
Stringers were of 175~T aluminum alloy except in ocylinder
Wo, 13, where they were of 248-T gluminum alloy.

Cylinders Nes, 9, 10, and 11 were manufactured of
four sheets eath which were attachsed to one another by
lap Jjoints along top, bottom, and extreme right and left
stringers., In these ceylinders the sheets had a nominal
thickness of 0,012 inch, Actually this thickness ranged
from 0,0119 to 0,0122 inch., The materiel was 24S-T
aleclad, All the other ecylinders were constructed of two
sheets sach with lap joints along the extreme right and
left stringers, The nominal thickness of the sheets far
these cylinders was 0,020 inch, while the actual values
varied from 00,0199 %o 08,0203 inch, Ths mnaterial was
248-7 aluminum alloy.

The test rig is shown schematically in figure 2.
The base of the rig consigted of two palirs of 8«insh chan~
nels 30 inches apart. The and stand, bullt of channel
sections, was braced o the bPase by tlies and struts, The
loading arm wag a tripod, It rested on three ball bear-
ings which were free to roll on the supporiting table,

The externzl load was applied by a screw Jack which
exerted & downward force on the bottom of a rectangular
frame suspended from the apex of the tripod loading arm.
The reaction to the force was taken up by a second rec-
tangular frame pinned +$0 ths base of the rig,.

A heavy machined steel ring was fitted to sach end
of the cylinder, BRing No. 1 was bolted to the end stand,
ring ¥o, 2 to the loading head, which like the end stand
was & grid composed of steel channels and angles. The
considerable weight of the lpading head was balanced by
means of a counterweight suspended from an overhead frame
Py a steel cable guided over sheaves, Twoe parallsl links
gonnected the loading arm %0 the loading head and trans-
mitted to the test sgpecimen the couple caused by the ap-
plied load. TFront and rear views of the test arrangement
are presented in figures & and 4,

The test specimen was oconnected %o the end rings by
means of the stringer grip fittings shown in figure b,
Bach fitting was attached t6 the ring by two 1/2=inch
steel bolbs. The surface of contact betwsen stringer and
£itting was serrated, and the pressure exerted by the
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bolts was found sufficient t0o maintain an adequate grip.

The compressive force required for the tests in sinm-
ple compression and in combined bending and compression
was appllied by means of the compression load bar indicated
* in figure 2 and shown 4in the photograph of figure 6, The
bar was nmachined of ochromium=molybdenum steel, At one
end it was atbtached to the loading head, at the other, to
the end stand, The latter attachment was effected by
means of a buttress thread and nut. 3By tightening the
nut with a large ratchet lever the required compressive
force was applied %0 the test cylinder.

The compressive force in the test cylinder was equal
to the tengile force in the lead bar, The latter was
measured by twoe Baldwin-~Southwark BR-4 metalectric sirain
gages type A-1, cemented to plane eurfaces machined at
the middle of the load bar. The load applisd to the
loading arm was measured by the same type of sirain gages
atbtached 0 a load 1ink inserted between the lomding arm
and the rectangular frame. In all strain measursments
the pairs of gages were gonnected in series in order to
obtain average~dirett etrain values,

fhe pairs of gages used for measuring strain in the
tegt oylinders were cemented to the stringers., They were
arranged in two gsections of the pylinder denoted in fig-
ure 2 as 3and A and Band B, respectively. At each sec-
tion the strain was megsured in every other stringer.

Two Baldwin-Southwark SR-4 control boxes were used
to obitaln simultaneous readings of bending moment and
compressive force, Switching was effected by means of a
tapered Prass plug and matching brass sockets, A4ll wir-
ing was done with rubber insulated single conductor No,
18 wires. Separate dummy gages were provided for the load
link, the compression load bvar, and the stringers,

The gompression load bar and the load link were cal-
ibrated in a Riehle Bre¢s, lever type testing machine.

ANALYSIS AND DISCUSSIQN OF TEST RESULTS

Presentation of'Test Resulss

The results of the tests are presented in the dia- .
grams of figures 7 to 83, The diagrams may be subdivided
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into four main groups, . In the first, figures 7 %o 28,

the neasured direct strain is plotted against distance
from the horizontal center line of the cylinder, In the
second group, figures 29 %o 34, the direct strain caused
by the compression alone is indicated in polar coordinates,
In the third, figures 35 t0 45, the initisl strains in the
eylinders are given in sinilar polar form, with the excep~
tion of the last diagram, figure 45 in this group, which
presents the wvariation of the initial strain in the axial
direction, The fourth group, figures 46 to 63, shows the
variation of the etringer strain with increasing bending
nonents

Linearity of %the Stress Distridbution in_Bending

In the course af the first pure bending tests of the
present investigation it wge noticed that the direcd
strain meagsured deviated greatly from the strailght~line
law usuwally assumed %t¢ prevail in structures subjected to
bending, In order +¢ obtain a better agreement with the
assumptions of theory, the loading head was systemati-
cally reinforced and the effect of these reinforcements
on the sfrain distridbution was odbserved. The improvement
attained may be judged on the basis of & comparison of
figures 24 $0 25 and 7 %0 8, representing the strain dis-
tribution in cylinders Nos., R and 6, respectively. 1In
cylinder ¥o., 2, although the greater part of the rein-
forcements already had been added, the devigtions from
linearity are geen to be still excessive, By contrast,
eylinder No, 5, whichh was the first of the final test
series; yields a close agreement with the theoretical as-
sumptions in the A band and a satisfactory agreement in
the B band, The strain lines corresponding %o high bend-
ing moments are sellightly concave on the compression side
of the B band,

A review of all the strain dlagrams reveals that as
a rule the strain curves are straight up to about one~
half the fgiling load, In the later stages of loading,
vhen bugkling of the sheet hecomes pronounced, deviations
from linearity appear, especially on the compression side
of the c¢ylinder. In most cases these deviations make the
compression gide of the strain curves convex when the
bending moment 1s accompanied by a high compressive force,
and congave when bending moments are applied alone., TFor
sach cylinder tested in combined bending and compression,
5 econtrol test in pure bending was run before the main
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test was made, The results of the control test are shown
by a dotted 1iné vhich in no case deviates appreciabdly
from 2 straight 1line,

. In order to illustrate more clearly the deviations
from linearity, figures 26 %0 28 are included, These
figures show experimental strain cuprves for $yplcal cases
of combined bending and compression at various stages of
loading superimposed upon the theoretical straight lines
constructed for the corresponding loads,

The development of a linear strain distridbution may
Pe interpreted by the principle of least work, 4 lixnear
distribution corresponds indeed to the least strain energy
in a ocylinder subjected to pure bending if Hookel!s law
applies and if the ends of the e¢ylinder are attached %o
perfectly rigid bodies., In many experimental setups it
may be inconvenient to provide very rigid and thus heavy
and cumbersome structural arrangements for transmitting
the applied forces 4o the ends of the eylinders, The
least work principle then requires that the total strain
senergy stored in both the cylinder and the attaching
structural members be a minimum, The resulting strain
distribution may deviate considerably from linearity in
such cases, ljoreover, the relative rigldity of test
specimen and attaching structural elements changes with
the type and the magnitude of the loapding., Uonsequently,
1deal etraight-line strain curves are not likely %0 be ob-
tained in experiments carried out with a single ftest rig
under varlious conditiong of loading, unless very neavy
attaching structural elements are used.

The deviations from the straight-line law obbtained
in the present experiments were considered permissible in
view of the results of the calculatione presented under
The Effect of Fonlinesr Direct 8tress Distribution in
reference 1, Howvever, the conclusion is drawn from the
foregoing investigationg that a careful survey of the
stroin distribution in & monocogque structure gubjected t0
bending is a necessary preliminary %o the use of a new
test rig or of a new type of test specimen,

It is noted that the compressive forces listed in the
diagrans for %tests of bending combined with compression
are noningl values, The exasct values at the vgrious
stages of londing are listed in table I.
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Uniformity of the Strain Distribution in Compression

After the first successful tests in pure bending
were accomplished, the testing of the cylinders in com-
bined bending and compression was undertaken., Trial conm-
pressive tests applied to eylinder Yo, 6 resulted in
great deviations from a uniform strain distribution.

This may be seen from figure 34, The magnitude of the
deviathons was unexpectef since the satisfactory strain
curves obtained in bending had been interpreted as a
proof. of an adequate rigidity of the loading rig for all
types of loading. The fallacy of this conclusion becams
apparent when the incorporation in the test rig of addi-
tional differently arranged stiffening slements and o
systematic application of shims, resulted in strain curves
sufficlently uniform for prasctical purposes. Apparently
the strain energy bvalance discussed in the preceding ar-~

ticle changes materially from one loading condition to
the other,

Ae a preliminary of the combined bending and compres-
sion tests a simple compression check test was run with
each of the subsequent cylinders excspt No. 13. The re-
sults of the check runs are shown in figures 29 to 33,
and the maximum deviations from the uniformity of the
strain are listed in %able II, The maximum deviation
from the average strain was 8,17 percent for the four
eylinders having the thick sheet, 1E,31 perceny for the
two having the thin sheetb. ”

Initlial Strains

In the simple bending and the combined bending and
‘compression tests 1% was observed that buckling of the
gsheet covering almost invariadly started near stringer
No., 7, although theoretically the maximum compressive
strain should have occurred at stringer No. ©. The pos-
8i09i1lity %that this phenomenon had been cansed by initial
stresses was investigated iIn & series of systematic ex-
periments, The results obtained in the experiments car-

ried out on cylinder F¥o. 13 are presented in figures 40
to 44,

First the strain gages were cemented to the stringers
before any of the bPolts which served for attaching test
specimen, end rings, and test rig were tightened. With
the cylinder resting on the fiocor, strain gage readings
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wvere made t0 serve as zero readings, Next the bolits in
the stringer grip fittings of end ring Wo, 1 were tight-
ened and p new set of strain readings was taken., The
strains calculated from these readings are shown in fig-
ure 40, They are predominately tensile, the maximum val-
ue being 2,256 % 107%, 1In the following steps the oylin~
der was fastened to the end stand, the stringer grip Lit-
tings tightened at the other end of the cylinder, and
finally the loading head was bolted t0 end ring Ho, 2.
After each of these steps the strains were measured and
recorded, They are shown in figures 41 to 43, The dia-~
Zramns reveal the characteristic feabtures and the rslative
importance of the strains cauged by each operation, Fig-
ure 44 presents the total initial strain in cylinder Ho,
13, . .

Figures 35 t6¢ 39 show the straeins caused in ecylinder
¥o, 10 by a similar seguence of operations in which, how-
ever, the order of the first two steps was reversed., Be-
cavae of this change, and possibly because of the differ-
ence in the thickness of the sheet, the effect of the in-
dividual operations differed from that observed in the
experiments carried out with cylinder ¥Wo, 13, Neverthe-
less, the curves representing the total initial strains
in the two oylinders show marked resemblance. The same
ig true of the total initial strain curves of ¢ylinders -
Nos., 8 and 9, which are not reproduced in this report,

The total initial strain distribution corresponds
basically %o a warping group with 2 vanishing resultant
force and a vanishing moment sbout any axis, The strains
caused by an operation undertaken at oneg end ring de-
crease rapldly In the direction of the other end ring,
as may be seen from figure 45, This is in agreemnent wita
Seint Venant's prineiple, ' It should be noted, however,
that the distance at which $he effect of a disturbance
becames negliglibly small 4s likely tc be equal o0 two or
three times the diameter of the ¢ylinder,

In the initial strain measurements uvndertaken, the
greatest tensile strains oceurrsd generally at stringers
¥os. 1 and 9, and comparatively large compressive strains
.at stringers Wos., 7 and 13. The maximum total initlal
stress was of the order of 3000 pounds per square inch,
Koreover, the curves of distridution of gtrain in con-
Pression (figs. 29 to 33) also indicate some excess Over
the average of compressive strain, These findings conm~
pletely explain way the first buckles in the sheet
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appeared near stringer Wo, 7 rather than near stringer NWo,
9. On this basis the development of the inward bulge
along stringer No., 7 near end ring No, 1 in some of the
tedts also can be understood, It does not appear likely,
however, that the initial stress oould have appreciadbly
influenced the magnitude of the oritical stress in inward
bulge type dbuckling., This opinion is based on the fact
that there was no systematic variation ian the buckling
stress 0 correspond with changes in the location of the
invard bulge. It appears gdvisable, however, to pay more
attention in the future to initial stresses in experimental
investigations on semimonogcogue eylinders than was usual
in the past,

The Bugkling of the Sheet Covering

‘ The determinastion of the offective width of sgheesd,
needed in the comparison of experiment with the theory of
general instability, depends on & correct estimate of the
strain (or of the stress) at which the sheet covering
buckles., In the caleculation ¢f the critical stress

fo or ©f the curved panels of shest Redshaw's formula

was used!?

2 2
fe or < (fflatfg) + v/fcurved + (fflaé/a) (1)

In this equation fgq. ;. stands for the critical siress

of the corresponding flat sheet, Its value is given by
the formula

.= '
£r1a4 = K ;—(TEJ.—-E-:;—)- (v/a) (2)

where % 1g the thickness of the sheet, & the width of
the panel measured along the perimeter of the cylinder,
Z Young's modulus, end |+ Poissoén's ratio, TFhe value
of k depends upon the length-to-width retio of the
panel and upon the esdge conditions, In the test speci-
mens the lengith~to-width ratio was high because of the
absence of intermediate attachment between rings and
sheet. If the difference in the elastie restraint ex~.
erted by the stringers upon the thick and the thin sheet
is taken into account, it appears reasonagble to choose
k= 4 for the thick and k = 5 <for the thin sheet.
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Bquation {(2) then gives 987 and 445 pounds per sguare inch
for the critical stress of the thick~ and the thin-walled
specimens, respectively.

The buckling stress of the circular cecylindrical shee?l
was denoted f . .vea In eguation (1). It can best be

calenlated from Donnellls formulal

-7 ’
- 0,63 (3/r) L L7 X 10" (o/8)] ()

f
curved 1 + 0,004 (E/Fcy)

where r is the radius of the cylinder and Fcy the

oonpressive yield-point stress of the material, Fguation
(3) gives foypved = 5890 pounds per sguare inch for speci-

mens having the thick sheet, and fgypyed = 2250 mounds

per square inch for those baving the thin sheet, For the
critical stress of the curved panels equation (1) then
gives?

fe eor = 6400 pounds per square inch {for the 0.020-in.-thick sheet), and

fc oy = 3480 pounds per square inch (for the 0.0l2-in.-thick shest).

In the course of the experiments these theoretical
valusés were checked in four ways, First, the appsarance
of the Tirst buckle was visually observed and the strailn
at its location was determined from the etrain-gaze read-
ings. Secondly, use was made of the strain against bend-
ing moment curves drawn for stringer Fo, 9, Ths gurves
are straight until the sheet begins to buckle, Conse-~
guently, the firest deviations: from the initial slope mark
the bénding moment et which the sheet buckles, 4 third
indicatlon of the eritical strain of the sheet covering
was found in plots of the observed shift of the neubral
axls in bending, since there cannot be any shift unill the
sheet buckles, Finally, the slope of the strain curves
of flzures 7 %o 28 was determined at the neutral axis and
plotted against the bending moment. The slope of these
curves also changes when the sheet Pegins t6¢ buckle,

The data obtained by the methods Just outlined are
collected in table IIl. OCorrection of the data for ini-
tial strain was not considered warranted for the purposes
of the present investigation. In epite of the considerasble



NACA TN Wo, 938 ' 13

scatter of the values one conclusion, at least, is inevi-
tablet the sheet buckled at much higher strains when the
snecimen was zcited upon by a bvending moment than in the
case when the load was pure conpression, This phenomenon
had been noted by Iundquist in reference 2, dut is disre-
garded as a rule in the siress calculation of semimono-
cogtes. It would be desirable to develop methods of anal-
ysis that take this effect into account, With no such
method yet availadble, however, a constant value of the
tuckling strain all along the eircumference of the cylin-
der was assumed for the subsequent calculations, From the
gomparison of theory and experiment the following round
nunberg were chosen for use in later analysis:

1 % 10% (for the 0,020-in.,-thiclk sheet)

i

€riat

€r1,5 = 0e8 X 107% [for the 0,018-in,-thick sheet) ()

6 x 107° (for the 0,020-in,-thick sheet)

]

€eurved

Courved = 3 X 107% (for the 0,012~in,-thick sheet)

um

e

Force and iliomenit Bquilidr

In order to obtain an independent check of the ac-
guracy of the load and strain measurement, as well as of
the methods used in the analysis, the applied forces and
moments were compared with the force and nmoment resultants
of the nmeasured internal direct stresses. In this con-~
parison Hookels law wvas assumed valid, and the modulus of
elasticity was taken as 10.5 X 10° pounds per square inch
faor both sheet and stringers over the whole range of
strains measured, For the sitringers in which the sirain
had not been measured it was determined by interpolation,
The effective width 2w! of the curved panels was talken
as the tovtal width wvherever the panel was in a nonbucikled
state. In the Dbuckled state it was calculated from the
following formulas?

2wt = 2w + (ecurvei/estr)(d - 2w) (B8}
s
d

!
2y = [Eflat/(estr - ecurved)J

wvhere €gip,. is the strain in the siringer. These equa-

tions are quoted from refereunce 3, The values given in
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in equations (&) were used for the buckling strains.

Calculated values of forces and moments gre listed
in table IV for a number of loading conditions and for '
various test c¢cylinders, The agreement is good between ' i
the external and the internal moment, especially under
small and moderate loads, For the higher stages of load-
ing the internal moment slightly exceeds the external mo-
nent, The agreement between the internal and the exter-
nal compressive force is also good in the low load range,
but the values deviate consideradly for the higher stages
of lozding. The discrepancies can be explained by the
reduction in the value of the modulus of elasticity of
the material.

It was shown in reference 4 that the tangent modulus
of 245-T7 extruded sections begins to decrease at siresses
between 22,000 and 30,000 pounds per square inch in com-
pression, while 1its wvalue remains constant up to a range g
from 38,000 to 47,000 pounds per square inch in tension. '
The value of the tangent modulus of alclad 245-T experi-
ences a drop sven at a stress of 10,000 pounds per square
inca, 3IBvaluation of the pure compression tests made with
the monocogue test cylinders during the present investi-
gations at the Polytechnic Institute of Brooklyn alseo
showed a decrease in the apparent modulus with increasing
load, as may ve seen from the data included in table V,

Since exact values of the variation of the modulus
with stress were not available for the sheet and the sec-
tions used in the experiments, the force and moment egui-
librivm could not be determined accurately. In one case,
however, ithe calculations were repeated with the assump-

tion of B = 10,5 % 10® pounds per sguare inch for ten-
sion and for compression below 10,000-pounds~per-sguare-
ineh sitress, and of E = .5 X 10° pounds per square inch

Tor compression above 10,000-pounds-per-square-incha stress.

This slight change sufficed to reduce the original dis- ,
crepancy of 45,6 percent in the compressive force t0 12.2

percent, The corresponding change in the value of the mo-

ment was unimporiant, (See table IX,) This example in-

dicates that the variation of the modulus may well be the

reason for the discrevancies noted, The effect of guch =a

slight variation is promounced only in the case of the

resultant force whiech is the small difference of two large '
quaniities - namely, the resultant Torces on the tension

and the compression sides of the specimen,
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Variation of the Strazin in the Siringers
Fizures 46 to 57 give itypical examples of the varia-
tion with bending moment of the strain in the three most
highly stressed stringers on the tenzion and on the conm-
pression sides, The curves shown represent data obitained
with eylinders Nos. 7, 9, and 10, corregted for the weight
0f the loading arm, In figures 58 to 63 measured values
¢f the compressive strain in stringer No, § are compared
with the theoretical stringer sirain variation curves.
Phis comparison is of importance since in the theory of
the inward dbulge type buckling a theoretical siringer
strain variation is assumed,

The theoretical curves were determined as follows:
For different assumed values of the shift ¢of the neutral
axis the resultant bending moment was calculated and
plotted against the compressive strain in sitringer ¥No. €.
In a second diagram the resultant compressive force was
plotted against the compressive strain in stringer Wo., @
for the same values of the parameter "neutral axis shift.”
From these two diagrams the variafion of the compressive
strain in stringer ®o, 9 with increasing bending moment
was determined and plotted for several constant valmes of
the compressive force, Since at each stage of loading
the centrold of the effective material of the cross sec-—
tion of the specimen is shifted a different distance fronm
the geomebric center of the cylinder while the compressive
load is always applied at the geometric center, an addi~
tional bending moment arises the effect of which must de
taken into account before the theoretical curves can be
compared with the experimental valuss, Figures 58 %o 63
present curves wihich have been corrected for this effect,.

In general, the agreement beitween theory and experi-
ment can be considered good, In some cases at high bend-
ing moments the experimental values of the strain exceed
those predicted Dy theory, This discrepancy is probably
caused by the variation of the modulus.

General Instability

The correlation of experinent with the theory of ihe
inward dulge trpe buckling of monocoque cylinders, which
is the ultimate ovJjective of these invesitigations, can
Pest e carried out on the basis of the strains in the
most highly compressed stringer at the moment 0f general
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instability, The formula for the maxinmum compressive

strain at collapse €,., derived from equation (24) of
reference 1 with the assumption of the same modulus of
elasticity for rings and stringers, is as follows:

P I

=
~ a2 & 7R strir (0.9/n ) vad
€pp = 1 — P - - (8)
RERE S r Aggp®

where n is a parameter, Ly the ring spacing, Aggr

the crosgs-sectional area of stringer plus effective width,
I, the monent of inertia of ring plus effective width,
Y the compressive load divided by the perimeter of the

cylinder, and I ., 1is defined by the eguation

2y -
Tstr = Iggr » F (5/8)(1/a%) “str %

where I and Istr y are the momentg of inertia

str 2
of %the stringer plus effective width for radial and tan-
gentiegl bending, respectively. The effective width of
the shee?t acting with the ring was assumed to be egual to
the width of the ring.

The forces at collapse in the load link and in the
compression load bar were accurabely known since they
were continuously observed with the aid of the two con-
trol boxes while the load was applied. In many casss the
strains in the stringers were also measured close to the
load at which general instability ocecurred, Home Test
specimnens, however, collapsed before readings could be
taken in the proximiiy of the buckling load. The strains
Just prior %0 instabllity were not significant, however,
since they were obviously influenced By the developin
bulges In many cylinders with the imminent approach of
ingtability the maximum compressive strain suddenly in-
creased in one band, and decreased in the other. ZBecause of
this the following procedure was used to determine sig-
nificant values of the maxinum compressive strain at col-
lapse!

Stringer strain variatlon curves, z2s obitained for
stringer ¥o, 9 in bvands A arnd B, were superimpoesed, The
general trend, established prior 1o the appesarance of
irregularities, of the curve representing the average of
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the values in bands A and B was extrapolated up to the
collapsing load. The strain at collapse obtained by this
procedure was considered the experimental critical sirairn,.

Table VI presents the collapsing leads as measured,
and as coarrected for the weight of the loading arm and for
the effect 0f the shift of the centroid of the effpgctive
material from the geometric center of the eylinésr, Val-
uep 2Ff the experimental gritical strain are listed in
table VIIQ

From these maximum compressive strains the value of
the parameter n was calculated in accordance with the
suggestions of reference 3 and satisfying equation (8) of
this report, The results are listed in tadle VIII, It
may he seen from the table that n wvaries dut little,
its maximum value being 3.21, the average 2,935, and the
nininum 2,68, The possihility of a variationm of n with
conmpressive forece was anticipated in reference 3 dbut any
systematic variation is lacking in tadle VIII, On the
other hand, equation (6) appears %o give the influence of
the compressive load ecorrectly.

I% should be noted that the average value o¢btained
for n 1is 15 percent smaller than could be predicted
from figure 10 of reference 3, which 13 based on the
GALCIT experiments. The reason for this deviation is un-
k¥nown., There was, however, a slight difference in the
way the specimens were constructed, In the G4LCIT c¢ylin-
fZeors the sheet was bolbed to the rings and the siringers:
while in %the c¢ylinders used in the present investigation
the sheet was attached to the stringers alone,

In reference 3 it was suggested that the eritical
strain in general instadbility could be calculated approx-
imately by neglecting the effec¢tive width of the sheet.
The accuracy of this suggestion was checked by calculat-
ing n fron equation {6) using values of the moments of
inertia of stringers and rings alone, The values s0 ob-
Yained are also presented in table VIII, There 1s a
systematic deviation beitween the accurate and the approx-
imate valuess The average deviation is 16 percent. Con- ;
gequently in the present case, the uwuse of the approximate
procedure suggested would result in underestimating the
eritical straln by 26 percent,

The general appearance of the distorted shape after
buckling is shown in the photographs of figures 64 to 74,
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The pilciures agree well with the description of the inward
bulge given in the introduction., The values of the param-
eters =n and m characteristic of the bulge could not

be determined accurately because the bulge did not ftermi-
nate sharply. The approximate values are listed in table
VIII, together with the theoretical values. The average
experimental value of the numbder m of rings involved in
buckling was 3, while theory predicted about 4., The oD~
served mean value of n was near 5 as compared with the
theoretical average of 3.

COWCLUSIONS

The series of tests conducted in the Alrcraft
Structures Laboratory of the Polytechnic Institute of
Brooklyn with reinforced monocogue cylinders in combined
tending and compression leads to %the following conclu-
siens:

1. The pattern of distortion at buckling as realized
in the actual tests corresponds in essential features %o
the deflected shape assumed in the theory.

2. The experimentally established strains in the
most highly compressed stringer at dbucklirg are consist-
ent with the values obiained from the theoretical rela-

tionship:
—— - 2
2 /& mP Tstrly - (0.9/n") va
Ly

—
sty r? AggrB

=
ECI‘

e

3. Fo gystematic variation was found of the parame-
texr n with compressive force,

4, The averase value 0of the parameter n was 2,935
when calculated from the formula quoted in conclusion 2
using exyerimental values of the critical strain.

5, The data collected in the course of the experi-
ments afforded fairly close corroboration of the theories
¢f buckling of curved panels,

6, It was established that the elastic properties of
the test rig and the manner of attachmeni of the ftest

st
%
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specimens exerted a considerable influence on the nature
of the stress distridution and on the initial strains in
the specimen,

Polytechnic Institute of Brooklyn
Brookliyn, ¥, Y,, February 1944,
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Table IT — Maximum Deviation in Compression

¢ Test Cyl.| Stage| ZLoad Stringer- | Averzge Strain Maximum Devia-
No. No. 1b. No. € x10%(1b./sa.in.) | tion Percentage
. 7 1 13,000 A-11 3.79 +8.17
1 13,000 B-5 3.76 =744
8 1 6,500 A5 1.93 —7.25
1 6,500 B-1 1.89 +6.35
2 | 12,700 A=5 3.76 =5.33
2 | 12,700 B-5 3.75 +4426
3 19,300 A5 5.65 -5.30
3 19,300 B-9 5.65 -5.67
9 1 5,000 A-15 1.83 +15,31
1 5,000 B-13 1.76 +11,93
2 7,970 A9 2,95 -10,85
2 | 7,970 | B-13 2.85  412.26
3 11,900 A9 452 ~13.72
- 3 11,300 B-13 bl +12.36
' 18,000 A-9 7.18 ~11.13
- 4 18,000 B-9 7.04 ~11.93
10 1 3,900 A-11 1,33 +3.03 -
1 3,900 B-15 1.33 -3.76
2 7,860 A-11 2.77 +9.03
2 7,860 B=-11 2.72 +4.78
3 11,600 A-15 4.07 ~-12.55
3 11,600 B-11 4408 +7.60
4 15,600 A7 5.63 +12.43
4 15,600 B-11 5.69 +8,87
5 19,800 A7 743 +9.96
5 19,800 B-11 7.52 +7.85
12 1 7,100 A-1 2.03 +4.92
1 7,100 B-5 2.00 —4 .50
- 1 7,100 B-~13 2,00 +4450
2 14,600 A=-11 be Xl +3.86
- 2 | 14,600 B~9 Lo 05 ~5,68
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Table V — Stress—Strain Proportionality Factors in Gompression

o | mier] . | B s in. _é"ﬂ? 2:;;04 A0k éié/‘QEEXlo-é ==
10 psi psi
i .020 | 13,000(13,000] 3.5 3.71 ] 3.78 3.78 9.8
8 .020 | 6,500] 6,500] 3.5 1.86 |1.91 1.91 9.75
12,700} 6,200| 3.5 1.77 13.76 1.85 9.55
19,300| 6,600] 3.5 1.89 |5.65 1.89 10.0
9 .012 | 5,000] 5,000| 3.0 1.6671.79 1.79 9.3
] 7,970 2,970] 3.0 .99 | 2.90 1.1 8.92
11,900} 3,930| 2.96 1.33 14.49 1.59 8.36
) 18,000| 6,100] 2.79 | =2.i8 |7.11 2.62 8.32
10 .012 | 3,900 3,900] 3.0 1.3 |1.33 1.33 9.78
7.860| 3,960] 3,0 1.32 |2.74 1.41 9.3
11,600 3,740| 2.99 | 1.25 |4.08 1.34 9.32
15,600 4,000] 2.88 | 1,39 |5.66 1.58 g.80
19,800 | 4,200 2.76 | 1.52 | 7.47 1.81. 8.40
11 .012 | 5,300 5,300] 3.0 1.767|1.81 1.81 9.75
12 .020 | 7,100 7,100| 3.5 2.03 |2.01 2,01 10.1
14,600 7,500 3.5 2.14 | 4.1 2.09 10.2
; 13 .020 | 7,300 7,300] 3.5 2.09 | 2.07 2,07 10.1 )
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VII —~ Experimental Critical Strains

Test | Sheet Type Highest (Last) Recorded Extrapolated
> Cyl. Thick- Test Stringer Strain x 10% Stringer Strain x 104
No. ness * #9(Compression) #l1 Tension Average A and B
in. #9 (Compression)
20.78 16.2
5 .020 B 20.20 15.69 21.83
24.7 17.9
6 .020 B 20.9 16.8 25.68
18.6 11.88
7 .020 B&C 23.95 11.06 24.0
28.4 10.18
8 .020 Bé&C 16.C 3.66 23.28
18.3 8.68
9 .012 B&C 18.2 8.10 21.7
19.2 7.75
10 .012 B &C 19.0 7.28 22.4
19.1 15.4
11 .0l2 B 17.0 13.65 20.86
27.2 15.85
- 12 .020 B&C 16.6 15.76 24.38
31.2 17.3
13 | 020 | Bec | 25.2 15.9 28.6

#B — (Pure Bending)
B & C - (Bending and Compression Combined)

Table VIIT.- Experimentally Determined Values of Parameters n and m

Cyl. Wo.| t P ezcZ | n Observed | Observed
in. 1b. x10 n |m for 2V=0 n m
5 0201 0 21.83| 2,66/ 4.93] 3.28

6 .020| © 25.68 | 2.99| 4.05] 3.56 4 3

7 .020 | 13,000 | 24.0 | 2.89| 4.32]| 3.44 5.33 3

8 .020 | 14,600 | 23.28 | 2.84 | 4.45] 3.38 6.4 3

- 9 .012 | 13,900 | 21.7 |2.99| 3.82| 3.27 4 3
) 10 .012 | 14,200 | 22.4 3.05| 3.70]| 3.32 6.4 2
1 .012] 0 20.86 | 2.89 | 4.00] 3.2 4.25 ;

12 2020 | 7,400 | 24.38 | 2.90 | 4.27]| 3.48 5.33 3

13 020 | 7,250 | 28.6 |3.21] 3.60] 3.76 4.57 3
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Figure 3. - Forword view of test rig.
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Figure 4. - Rear view of test rilg.
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Figure 5. - Stringer grip fittings.
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Figure 6. ~ Compression bar ond adjustment end.
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NACA TN No. 933 Figs. 58,59
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